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In 1982, Roel Nusse and Harold Varmus described how overexpression of a Wnt gene could cause mouse mammary tumors (1, 2). Thirty years later, WNT signaling has been implicated in a wide range of diseases, including cholangiocarcinoma (CC) (3, 4) . It is also clear that unlike murine cancers, human cancers are not caused by chromosomal translocations or the result of insertional mutagenesis driving WNT overexpression; therefore, the investigational spotlight shifted to mutations in targets downstream of WNTs that activate the WNT/β-catenin pathway. This focus on intracellular signaling followed the discovery that the adenomatous polyposis coli (APC) protein, which is mutated in hereditary and many sporadic colorectal cancers, regulates β-catenin abundance. Furthermore, pathological increases in β-catenin drive expression of proliferation-associated genes (4) . Collectively, these findings led to an intense focus on understanding and trying to therapeutically block the pathological activity of stabilized β-catenin. This approach has provided multiple insights into intracellular WNT-mediated signaling pathways and produced several small molecule inhibitors of β-catenin signaling that are being tested for efficacy against human cancers with perturbations of WNT/β-catenin signaling (5) .
In the last few years, the focus has shifted to the cell surface and the regulation of WNT receptors. We now understand more about how sensitivity to WNTs is coordinated by a tightly controlled ubiquitination cycle at the cell surface that involves two closely related integral membrane ubiquitin ligases, RNF43 and ZNRF3 (Figure 1 and ref. 6 ). Teh and coworkers reported the presence of mutations in the gene encoding RNF43 in CC related to ingestion of the liver fluke Opisthorchis viverrini, which is endemic to northern Thailand (7). Moreover, RNF43 loss-offunction mutations have also been reported in multiple cancer types, including sporadic pancreatic adenocarcinomas, endometrial cancers, and colorectal cancers with wildtype APC (8) . Cong and coworkers along with others found that RNF43 and ZNRF3 regulate frizzled abundance and thereby determine cellular sensitivity to WNTs (9, 10) . Ubiquitination of frizzled and perhaps low-density lipoprotein receptor-related protein 6 (LRP6) leads to their downregulation by internalization and proteolysis. Cong and colleagues also made the key discovery that RNF43/ZNRF3 activity at the cell surface is in turn regulated by the secreted WNT cofactor R-spondin (RSPO), which binds to RNF43/ZNRF3 in a complex with a member of the LGR4/5/6 family. RNF43 loss-of-function mutations increase WNT receptor abundance, making cells sensitive to WNTs (11) . Rounding out the story, recurrent gain-of-function translocations in the genes encoding RSPO-2 and RSPO-3 were recently identified, first in colorectal cancers and then in several other cancer types (12, 13) . The discovery of human mutations that result in sensitization to WNTs translates what Nusse and Varmus first found in mice to humans: a genetic basis for increased WNT ligand signaling in cancer.
These advances toward understanding the role of WNT secretion in genetically defined cancers have been matched by the development of tools to pharmacologically block WNT secretion. All WNTs require post-translational modification by the addition of a monounsaturated palmitoleate group, which is catalyzed by an ER-resident palmitoyltransferase named porcupine for the Drosophila phenotype and referred to as PORCN in humans. WNTs require palmitoylation for transport from the ER to the cell surface (14, 15) and to interact with frizzled proteins (ref. 16 and Figure 1) . PORCN inhibitors, which were first developed by Lum and coworkers (17) , have proven to be useful tools in dissecting the role of WNT secretion in disease and have shown efficacy in WNT-dependent preclinical animal models of cancer (11, 18) .
WNT signaling drives CC
Recently, WNT signaling was implicated in the development of a rare subset of CC (7, 19) , and in this issue Boulter et al. report that WNT/β-catenin target genes as well as WNT7B and WNT10A are upregulated in human CC specimens collected from Cholangiocarcinoma is a relatively rare cancer of the biliary ducts that is highly refractory to treatment. The factors that drive cholangiocarcinoma are poorly understood, though chronic liver fluke infection is a risk factor for disease. In this issue of the JCI, Boulter and colleagues demonstrate that the WNT/β-catenin signaling pathway is upregulated in patients with sporadic cholangiocarcinoma. The authors determined that macrophages generate WNT ligands in cholangiocarcinomas and depletion or inhibition of this cell population in animal models of cholangiocarcinoma reduced tumor burden and proliferation. Moreover, pharmacological inhibition of WNT secretion or β-catenin activity was efficacious in animal models. Together the results of this study suggest that targeting WNT has potential as a therapeutic strategy for cholangiocarcinoma. There are still many lessons to be learned from the WNT pathway. The study of uncommon diseases such as flukeassociated CC can provide insights into the more common sporadic form of the disease. And as this study demonstrates, after thirty years of study, the WNT pathway still contains both surprises and important clinical opportunities. The recent advances in the development of WNT pathway inhibitors holds promise for patients with WNT-driven cancers. Boulter et al. now add sporadic CC to this list. palmitoylation (18), while ICG-001 blocks the interaction of β-catenin with the coactivator CTBP1 (5). These drugs had a modest effect in vitro (3), a finding that is consistent with previous reports that autocrine WNT signaling is not essential for proliferation in standard tissue culture conditions (18) . However, both of these WNT pathway inhibitors showed efficacy in mouse xenograft and rat carcinogeninduced CC without overt toxicity. Together, the results from the study by Boulter et al. provide a strong case for the role of stroma-produced WNTs, especially macrophage-derived WNT7B, in the progression and maintenance of sporadic human CCs. Equally importantly, they demonstrate the efficacy of small molecule inhibitors of the WNT pathway in animal models of this disease (3). As related drugs are now in human trials, these findings may quickly translate into new therapies for this difficult disease.
Remaining questions and future directions
It is not clear why these CCs are particularly sensitive to WNTs. Macrophages can be induced to secrete WNT7B by inflammatory mediators; however, this does not regularly result in cancer. One possible explanation is that sporadic CCs have a mutagen-induced genetic or epigenetic lesion that results in WNT sensitization. At this point, the existence of such lesions is only speculative due to the absence of sequence data from these specific tumors. Mutations in RNF43 or ZNRF3, or translocations in RSPO2 and RSPO3 are candidates that should be examined patients in Scotland (3), a region more associated with consumption of haggis and whisky than pla som (a Thai raw fish dish that carries CC-related liver flukes). The findings of Boulter and colleagues also extended to two rodent models of CC. In mice sensitized by p53 loss, thioacetamide-induced (TAA-induced) CC resulted in upregulation of WNT7B and WNT10A as well as WNT/β-catenin target genes. Similarly, rats given TAA exhibited increased WNT7B and WNT10A along with RSPO-1 and WNT/β-catenin target genes. These findings led to the question, What cell type is making the WNTs?
Macrophages are key regulators of inflammation, and in several systems they are known to produce WNTs (20) . Boulter et al. determined that macrophages are a major source of WNT7B in all three CC models evaluated, human, mouse, and rat (3). As confirmation, rats with GFP-tagged (GFP + ) hematopoietic cells were given TAA to induce CC. Evaluation of the GFP + cells revealed that those expressing the macrophage marker CD68 were a major source of WNT7B in the resultant CCs. These macrophages were functionally important for CC development, as either macrophage depletion or small molecule inhibition of macrophage differentiation decreased tumor burden and proliferation in CC animal models.
Boulter and colleagues also made use of two small molecule inhibitors of the WNT pathway to evaluate whether the WNTs were indeed driving cancer progression (3) . WNT-C59 is a PORCN inhibitor that prevents secretion of WNTs by blocking post-translational O-linked 
